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Abstract 
Multi-component failure based reliability analysis of a real-life water distribution system (WDS) is extremely time consuming 
and computationally demanding. Reliability surrogate measures are novel techniques to lessen the associated computational 
burden in estimating the reliability of a WDS. Results of this study reveal that flow entropy of a WDS has stronger correlation 
with higher states of reliability rather than lower states. Consequently, statistical flow entropy is a better surrogate measure for 
multi-component failure based reliability of a WDS. 
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1. Introduction 
A water distribution system (WDS) is a complex network consists of various mechanical, hydraulic and 
electromechanical components. Reliability of a WDS is a probabilistic index indicating the performance of the 
system in both operational and non-operational conditions during a specific period of time [1, 2, 3]. Gheisi and Naser 
[4] recently studied WDS reliability under simultaneous multi-pipe failure operating scenario. They: 1) showed the 
response of a WDS to simultaneous multi-pipe failures cannot be properly demonstrated if the 1st–state reliability 
assessment techniques are used; and 2) proposed the higher states of WDS reliability. Despite their usefulness, 
assessing the higher states reliability of an in-practice WDS can be time consuming and computationally demanding. 
To reduce computational burden, surrogate measures should be used for reliability assessment. There are a few 
attempts to find a proper surrogate measure for reliability analysis [5, 9, 10]. However, no attention has been paid to 
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higher states of reliability. Entropy has been reported as a better surrogate measure for reliability analysis of a WDS 
[6, 10, 11, 12]. However, it is not yet clear what does the entropy of a WDS show in the concept of reliability 
assessment and how entropy and reliability are related [13, 14]. Thus, studying simultaneous multi-component 
failures in a WDS, this study aims at finding a proper surrogate measure to study the higher states of reliability. 
2. Methodology 
This research investigates the correlation between the surrogate reliability measures and higher-state reliability of 
a WDS. Statistical flow entropy, resilience index, and network resilience are applied as reliability surrogate 
measures [5, 10]. These are the basic surrogate measures and the other measures such as mixed reliability surrogate 
measure and the modified resilience index [5, 15] are combined version of them. 
2.1. Statistical Flow Entropy 
While entropy is a measure of uncertainty [17], it was applied to assess redundancy and flexibility of a WDS [16]. 
The entropy is [11]:  
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where S is the information entropy (nat); K is the Boltzman constant often taken as 1 (nat); T is the total amount of 
water supplied by reservoir (cms); Tj is the total pipe discharge reaching node j (cms); Qj represents the demand or 
supply for node j (cms); qij is the amount of flow discharge in pipe ij (cms); I represents the set of nodes consisting of 
source nodes; J is the number of nodes; and Nj means all the upstream nodes directly connected to node j. 
2.2. Resilience Index 
Resilience index (RI) is the ratio of the excess power available in a WDS to the power which should be dissipated 
in the system to meet the required demands [7]: 
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where RI stands for resilience index (unitless); Qireq is the water demanded at node i (cms); Hi is the head of water at 
node i (m); Hireq is the minimum required head at node i to provide consumers with water demanded (m); Qk is the 
amount of water provided by reservoir k (cms); Hk is head of water at reservoir k (m); Pj is the power of the pump j 
(N.m/s); γ is the specific weight of water (N/m3); nn, nr and np are the number of demand nodes, reservoirs and 
pumps, respectively. 
2.3. Network Resilience 
Following [8], the network resilience is determined by: 
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where NR is the network resilience (unitless) and Ui  is the uniformity index for node i. 
2.4. Zeroth state of reliability  
This study applies the technique initially proposed by [18] and applied later by others [1, 19] for reliability 
assessment of a WDS. Following [3], this research measured the 0th–state reliability (R0) of a WDS as a weighted 
mean of performance indices (PIs) of the system. Thus,  
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where N is the number of pipes in the system. PI(0), PI(a1), PI(a1,a2), PI(a1,a2,a3), PI(a1,a2,a3,…) corresponds to the 
system performance indices when zero, one, two, three, and more pipes are unavailable simultaneously. P(0), P(a1), 
P(a1,a2), P(a1,a2,a3) are the weighting coefficients defined as the probability that a WDS may end up in a specific 
failure combination. Moreover, P(0) is the probability of no failure and P(a1), P(a1,a2), P(a1,a2,a3), and P(a1,a2,a3,…) 
are the probabilities of one, two, three, and more than three simultaneous failure, respectively. 
2.5. First state of reliability 
The first state of reliability (R1) measures the capability of a system to do its task when at least one component is 
out of service [20]. It is estimated by [19, 21]: 
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2.6. Second state of reliability 
Second state of reliability (R2) is the probability that a WDS deliver the demands when at two pipes fail at a time. 
It is determined using weighted mean of system’s PIs [1, 3, 19]. Given “F” as the number of component failure 
combinations, this research developed R2 as [4]: 
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3. Test Case 
Following [10, 11, 16], this paper discusses a hypothetical WDS (Fig. 1) and its different design alternatives (Fig. 
2). Further details on the design alternatives are given in [4]. All the nodes have an elevation of 0 m. Diameters of 
pipes vary from 100 mm to 405 mm. All the pipes are 1000 m long and have a Hazen-Williams coefficient of 130. 
The piezometric head at the source is 100 m and the minimum residual head is set at 30 m. The modified version of 
EPANET2 [22] is employed to model the WDS.  
 
 
Fig. 1.  A schematic view of the hypothetical WDS studied in this paper [11]. 
4. Results and Discussion 
Figs 3(a) to 3(i) compare surrogate reliability measures with 0th, 1st and 2nd states of reliability. The figures also 
indicate the best fit to the data along with coefficient of determination (R2). The linear correlation coefficient (R) is 
also computed and the results are provided in Table 1. As the Fig. 3 and Table 1 indicate, entropy demonstrates a 
more convincing correlation with different states of reliability than the resilience and network resilience indices. 
While this finding is in harmony with the other studies [10, 11], but the correlation is dramatically growing by 
increasing the state of reliability. The higher states of reliability show stronger positive correlation with statistical 
flow entropy. This implies entropy is a better representative for higher states of reliability. Therefore, a WDS with 
higher entropy is expected to cope better with simultaneous multi-pipe failure. 
Table 1 – Correlation (R) between surrogate reliability measures and different states of reliability. 
 Surrogate Measures 0th Reliability 1st Reliability  2nd Reliability  
Entropy 0.408290837 0.860348681 0.880420125 
Resilience Index 0.139658921 -0.297575799 -0.315670708 
Network Resilience Index -0.165726481 -0.692689601 -0.712224483 
5. Conclusion 
Analysis of higher states of reliability for a WDS is highly time consuming and computationally demanding. 
Application of reliability surrogate measures due to their ease in computation and application is becoming more and 
more prevalent. There are a few attempts to find a proper surrogate measure for reliability assessment, but no 
attention has been paid to higher states of reliability. Thus, in the first step in this study an attempt is made to find a 
proper surrogate measure to study the higher states of reliability when there are at least some simultaneous multi-
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component failures in the system. The result of this study reveals that statistical flow entropy has a stronger 
correlation with higher states of reliabilities. A WDS with higher entropy can cope better with simultaneous failure 
of several pipes in the system. 
 
 
Fig. 2. Set of 22 designs derived from the hypothetical WDS [11]. 
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Fig. 3 (a) to (i) Plots of surrogate reliability measures against different states of reliability. 
